During aging and in the progression of Alzheimer's disease (AD), synaptic plasticity and neuronal integrity are disturbed. In addition to the alterations in plasticity in mature neurons, the neurodegenerative process in AD has been shown to be accompanied by alterations in neurogenesis. Members of the bone morphogenetic protein (BMP) family of growth factors have been implicated as important regulators of neurogenesis and neuronal cell fate determination during development; however, their role in adult neurogenesis and in AD is less clear. We show here by qRT-PCR analysis that BMP6 mRNA levels were significantly increased in the hippocampus of human patients with AD and in APP transgenic mice compared to controls. Immunoblot and immunohistochemical analyses confirmed that BMP6 protein levels were increased in human AD brains and APP transgenic mouse brains compared to controls and accumulated around hippocampal plaques. The increased levels of BMP6 were accompanied by defects in hippocampal neurogenesis in AD patients and APP transgenic mice. In support of a role for BMP6 in defective neurogenesis in AD, we show in an in vitro model of adult neurogenesis that treatment with amyloid-␤ 1-42 protein (A␤) resulted in increased expression of BMP6, and that exposure to recombinant BMP6 resulted in reduced proliferation with no toxic effects. Together, these results suggest that A␤-associated increases in BMP6 expression in AD may have deleterious effects on neurogenesis in the hippocampus, and therapeutic approaches could focus on normalization of BMP6 levels to protect against AD-related neurogenic deficits.
Introduction
Alzheimer's disease (AD) is a leading cause of dementia in the aging population. Neuropathologically, AD is characterized by synaptic injury (Terry et al., 1994; Masliah et al., 1997) , neuronal loss (Terry et al., 1981) , and amyloid deposition (Selkoe, 1989) . Although the precise mechanisms leading to neurodegeneration in AD remain unclear, many studies have focused on the role of amyloid-␤ (A␤) precursor protein (APP) and its products in AD pathogenesis (Selkoe, 1989 (Selkoe, , 1999 .
Recent studies have revealed a dysregulation of adult neurogenesis in AD patients and in mouse models of the disease (Tatebayashi et al., 2003; Dong et al., 2004; Jin et al., 2004a Jin et al., , 2004b Boekhoorn et al., 2006; Li et al., 2008a) . Neurogenesis in the mature healthy CNS occurs in the olfactory bulb, subventricular zone, and dentate gyrus (DG) of the hippocampus, and plays a role in memory . There is some controversy over whether neurogenesis is increased (Jin et al., 2004b) or decreased (Boekhoorn et al., 2006; Li et al., 2008a) in AD. A recent study suggests that apparent increases in markers of neurogenesis in AD brains may be related to glial and vasculature-associated changes (Boekhoorn et al., 2006; Verwer et al., 2007) . A number of mouse models of AD also display reduced neurogenesis (Haughey et al., 2002a; Dong et al., 2004; Donovan et al., 2006; Rockenstein et al., 2007) [for review, see Crews et al. (2010) , Demars et al. (2010) , and Lazarov and Marr (2010) ]. However, the molecular mechanisms involved in defective neurogenesis in AD and in animal models remain unclear (Diez del Corral and Storey, 2001; Rowe et al., 2007) .
Bone morphogenetic proteins (BMPs) belong to the transforming growth factor-␤ (TGF␤) superfamily of cytokines, and have been implicated in embryonic (Mehler et al., 1997) and adult neurogenesis (Colak et al., 2008) . However, the involvement of BMPs in neurodegenerative disorders such as AD is less well defined. A recent publication demonstrated that increased BMP4 levels correlated with reduced hippocampal cell proliferation in a mouse model of AD (Li et al., 2008b) ; however, whether other related proteins are affected, and whether they are dysregulated in AD patients, is unknown.
To investigate this possibility, we analyzed expression levels of BMP2, 6, and 7 in AD hippocampus and in APP tg mouse brains by qRT-PCR. This analysis revealed that BMP6 levels were significantly increased in the hippocampus of patients with AD and in the brains of APP tg mice, while levels of BMP2 and BMP7 were similar to controls. Immunoblot and immunohistochemical analyses confirmed that BMP6 protein levels were similarly increased, and that BMP6 protein accumulated surrounding diffuse and mature A␤-containing plaques in the brains of AD patients and in APP tg mice. In vitro studies in a model of adult neurogenesis showed that A␤ 1-42 treatment increased BMP6 expression, and recombinant BMP6 reduced cell proliferation. Together, these results suggest that accumulation of A␤ during AD pathogenesis may upregulate BMP6 expression, and that increased levels of BMP6 in AD may have deleterious effects on adult hippocampal neurogenesis.
Materials and Methods
Specimen processing, neuropathological evaluation, and criteria for disease stage. A total of 19 human cases (n ϭ 5 nondemented controls; n ϭ 14 AD, of which n ϭ 7 early AD and n ϭ 7 severe AD) were included for the present study (Table 1 ). Brain tissue was obtained at autopsy from patients studied at the Alzheimer Disease Research Center/University of California, San Diego (ADRC/UCSD). The last neurobehavioral evaluation was performed within 12 months before death and included Blessed score, Mini Mental State Examination (MMSE), and dementia-rating scale (DRS), and autopsies were performed within 24 h of death whenever possible (Table 1) . Brains were processed and evaluated according to standard methods. At autopsy, brains were divided sagittally; the left hemibrain was fixed in formalin or 4% paraformaldehyde (PFA) for subsequent neuropathological and immunohistochemical analysis and the right was frozen at Ϫ80°C for biochemical analyses.
Animal treatments and tissue processing. The tg mice used in this study express mutated (London V717I and Swedish K670M/N671L) human (h)APP751 under the control of the mThy-1 promoter (mThy1-hAPP751, line 41) (Rockenstein et al., 2001 ). In the hippocampus of mice from line 41, the highest hAPP levels were detected in neurons of the DG and in the CA1 region (Rockenstein et al., 2001 ). This tg model was selected because these mice produce high levels of A␤ 1-42 , which is accompanied by a significant reduction in levels of synaptic markers by 6 -9 months of age (Rockenstein et al., 2001 ). Starting at 3-4 months of age, these mice display dense amyloid deposits in the frontal cortex, and by 5-7 months of age, increased size (average diameter of 25-30 m) and numbers of plaques in the frontal cortex are detected, and dense amyloid deposits are also observed in the subiculum of the hippocampus, thalamus, and olfactory region (Rockenstein et al., 2001) . The increase in plaque numbers observed at 5-7 months of age was associated with a progressive increase in levels of A␤ 1-42 , which measured ϳ2-3 g/g by ELISA at this age (Rockenstein et al., 2001) . Moreover, at 6 months of age, APP tg mice showed significant performance deficits not related to motor impairments compared to non-tg mice in the spatial learning portion of the water maze test (Rockenstein et al., 2003) . In sum, these animals exhibit behavioral deficits, synaptic damage, and plaque formation at an early age (beginning at 3 months) (Rockenstein et al., 2001 (Rockenstein et al., , 2002 . Transgenic lines were maintained by crossing heterozygous tg mice with non-tg C57BL/6 ϫ DBA/2 F1 breeders. All mice were heterozygous with respect to the transgene and the non-tg littermates served as controls.
For measurements of BMP6 expression levels, mice (n ϭ 4 non-tg, one female, three males; n ϭ 4 APP tg, three females, one male) were maintained until 6 months of age, followed by biochemical and neuropathological studies. For studies of neurogenesis, 6-month old mice (n ϭ 4 non-tg; n ϭ 4 APP tg) received five injections (one per day) with 5-bromo-2-deoxyuridine (BrdU, Sigma-Aldrich) at 50 mg/kg. After 1 month, mice were killed for analysis of levels of BMP expression and markers of neurogenesis. All experiments described were approved by the animal subjects committee at UCSD and were performed according to National Institutes of Health (NIH) recommendations for animal use.
In accordance with NIH guidelines for the humane treatment of animals, mice were anesthetized with chloral hydrate and flush perfused transcardially with 0.9% saline to preserve one hemibrain for biochemical analysis and the other for fixation and subsequent immunohistochemical analysis. Brains were removed and divided sagittally. One hemibrain was postfixed in phosphate-buffered 4% PFA at 4°C for 48 h and sectioned at 40 m with a Vibratome 2000, while the other hemibrain was snap frozen and stored at Ϫ70°C for biochemical analyses.
qRT-PCR and immunoblot analyses. For qRT-PCR of brain tissue, mRNA was extracted from frozen samples from the hippocampus of human brains (n ϭ 5 nondemented controls; n ϭ 7 early AD and n ϭ 7 severe AD) or mouse brains (n ϭ 4 non-tg; n ϭ 4 APP tg) using TriReagent (Molecular Research Center) according to the manufacturer's protocols. For qRT-PCR of cultured neuronal progenitor cells (NPCs), cells were lysed and RNA was purified using the RNeasy kit (Qiagen). Two micrograms of total RNA from each sample was reverse transcribed using the iScript cDNA Supermix Synthesis kit (Bio-Rad) in accordance with the manufacturer's instructions. Primer sequences used are detailed in Table 2 . For brain tissue samples, actin was used as a reference gene, and for NPCs, hypoxanthine-guanine phosphoribosyltransferase (HPRT) was used as a reference gene due to the relatively low baseline levels of BMP6 in these cells. The HPRT gene is reported as a constitutively expressed housekeeping gene with low mRNA levels, which makes it suitable as an endogenous mRNA control in RT-PCR for highly sensitive quantification of low copy mRNAs (Pernas-Alonso et al., 1999) . Quantitative RT-PCR was performed using the iCycler iQ Real-Time PCR Detection System (Bio-Rad). Reactions were performed in a volume of 25 l using the iQ SYBR Green Supermix (Bio-Rad) according to the manufacturer's instructions.
For immunoblot analysis of samples from human or mouse brains, briefly as previously described (Cole et al., 1988; Masliah et al., 2000) , 0.1 g of frozen tissue was homogenized in 500 l of a detergent-free HEPES-based lysis buffer (1.0 mM HEPES, 5.0 mM benzamidine, 2.0 mM 2-mercaptoethanol, 3.0 mM EDTA, 0.5 mM magnesium sulfate, 0.05% sodium azide; final pH 8.8) that facilitates separation of membrane and cytosolic fractions. Fresh protease and phosphatase inhibitor cocktails (Calbiochem) were added to all lysis buffers. Following a brief centrifugation step to clear nuclei and cell debris, total homogenates were then centrifuged for 1 h at 100,000 rpm at 4°C. Supernatants were saved (cytosolic fraction) and the pellets (membrane fraction) were resuspended in 500 l of HEPES lysis buffer. For immunoblot analysis of cell homogenates, adherent cells in culture were lysed in buffer composed of 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA (TNE) containing 1% Triton X-100 to obtain total cell lysates. For immunoblot analysis, cytosolic and membrane fractions from brain homogenates or total cell ly- (Rockenstein et al., 2001) . Blots were imaged and analyzed with the VersaDoc gel imaging system and Quantity One software (Bio-Rad).
Immunohistochemical analysis. For analysis of levels of BMP6 and markers of neurogenesis in the hippocampus or cortex of AD patients and APP tg mice, brain sections were immunolabeled with the antibodies against BMP6 (mouse monoclonal from Millipore, or rabbit polyclonal from Abgent), doublecortin (DCX, marker of migrating neuroblasts, goat polyclonal, Santa Cruz Biotechnology), sex-determining region Y-box 2 (SOX2, marker of undifferentiated NPCs, mouse monoclonal), or BrdU (marker of proliferating cells labeled with BrdU, rat monoclonal, AbD Serotec). BMP6 (1:500) and SOX2 (1:500) antibodies were detected with the Tyramide Signal Amplification-Direct (Red) system (NEN Life Sciences). DCX (1:50) and BrdU (1:100) antibodies were detected with fluorescein isothiocyanate (FITC)-conjugated secondary antibodies (1:75, Vector Laboratories). A subset of sections immunolabeled with the monoclonal BMP6 antibody (1:500, Millipore) were colabeled with the mouse monoclonal antibody against A␤ (clone 6E10, 1:500, Signet Laboratories) or DCX (1:50, Santa Cruz) detected with FITCconjugated secondary antibodies (1:75, Vector Laboratories).
Sections were mounted under glass coverslips with ProLong Gold antifade reagent with DAPI (Invitrogen) and imaged with a Zeiss 63ϫ (N.A. 1.4) objective on an Axiovert 35 microscope (Zeiss) with an attached MRC1024 laser scanning confocal microscope system (Bio-Rad) (Masliah et al., 2000) . All sections were processed simultaneously under the same conditions and the experiments were performed twice to assess reproducibility. To confirm the specificity of primary antibodies, control experiments were performed where sections were incubated overnight in the absence of primary antibody (deleted) or primary antibody preincubated with blocking peptide.
For all immunolabeling studies, assessment of levels of immunoreactivity was performed using the Image-Pro Plus program (Media Cybernetics). For each case or mouse a total of three sections (10 images per section) were analyzed to estimate the average number of immunolabeled cells per unit area (mm 2 ) or the average intensity of the immunoreactive signal (corrected pixel intensity).
Quantitative analysis of neurogenesis in the hippocampus. For this purpose, a systematic, random counting procedure, similar to the optical disector (Gundersen et al., 1988) , was used as described previously (Williams and Rakic, 1988; Rockenstein et al., 2007) . For the purpose of the present study the morphometric analysis was focused on the subgranular zone (SGZ) of the DG. This area corresponds to the layer of NPCs located directly under the first layer of mature granular cells in the DG, which in addition to the SGZ, includes the granular cell layer (GCL) and the molecular layer (ML). The analysis was centered on the SGZ because a previous study has shown that this is the area most consistently affected in APP tg mice (Donovan et al., 2006) . To determine the number of BrdUϩ or DCXϩ cells in the SGZ of the hippocampus, every sixth section (200 m interval) of the left hemisphere was selected from each animal and processed for immunohistochemistry. The reference volume was determined by tracing the areas using a semiautomatic stereology system (Stereoinvestigator, MicroBrightField). Positive cells were counted within a 60 ϫ 60 m counting frame, which was spaced in a 300 ϫ 300 m counting grid. Positive profiles that intersected the uppermost focal plane (exclusion plane) or the lateral exclusion boundaries of the counting frame were not counted. The total counts of positive profiles were multiplied by the ratio of reference volume to sampling volume to obtain the estimated number of positive cells for each structure. Results were expressed as fold change compared to controls so that the scale is comparable in the studies of neurogenesis in both human and mouse brains.
NPC culture and neuronal differentiation assay. Adult rat hippocampal NPCs (generously provided by F. Gage, Salk Institute, La Jolla, CA) were cultured routinely for expansion essentially as previously described (Ray and Gage, 2006) with some modifications. Briefly, cells were grown for expansion in DMEM/F12 media (Mediatech) containing B27 supplement, 1ϫ L-glutamine, and 1ϫ antibiotic-antimycotic (all from Invitrogen). For induction of neuronal differentiation, cells were plated onto poly-ornithine/laminin (Sigma-Aldrich)-coated plates or coverslips and transferred the next day to differentiation media containing N2 supplement (Invitrogen), 1 M all-trans retinoic acid (Sigma-Aldrich), 5 M forskolin (Sigma-Aldrich), and 1% FBS. Cells were differentiated for 4 d, and fresh differentiation media was added at day 2.
In vitro cell treatments and proliferation, viability, and toxicity assays. For determination of the effects of A␤ exposure on BMP6 expression levels, cultured NPCs were treated with recombinant A␤. Adult rat hippocampal NPCs were plated for differentiation and cultures were exposed on day 3 of differentiation (24 h incubation) with freshly solubilized A␤ (1 M, American Peptide). This concentration of A␤ was selected because it was determined to be sublethal in this cell type and is within the range of A␤ concentrations used in previous in vitro studies investigating the effects of A␤ on neurogenesis (Haughey et al., 2002a; Haughey et al., 2002b) . Cells were harvested on day 4 by cell lysis and total protein or RNA was harvested and prepared for immunoblot or qRT-PCR analyses, respectively.
For determination of the effects of BMP6 on cell proliferation, viability, and toxicity, NPCs were exposed to recombinant BMP6 (50 -100 ng/ml, BioVision) throughout the duration of in vitro differentiation (4 d). Media was changed and fresh recombinant BMP6 added at day 2 of differentiation. A subset of samples were treated with BrdU for 24 h before the differentiation endpoint and analyzed using a Cell Proliferation Assay kit (Calbiochem) according to the manufacturer's instructions. Additional experiments were performed to assess potential toxicity of BMP6 treatment using the CellTiter MTT-based Viability Assay (Promega) and the LDH-based CytoTox Assay (Promega).
Statistical analysis. All experiments were performed blind coded and in triplicate. Values in the figures are expressed as means Ϯ SEM. To determine the statistical significance, values were analyzed by one-way ANOVA with post hoc Dunnett's test when comparing differences between nondemented controls and AD cases or in vitro cell treatment groups, or by Student's t test when comparing differences between non-tg control mice and APP tg animals. The differences were considered to be significant if p values were Ͻ0.05.
Results

BMP6 levels are elevated in the dentate gyrus of AD patients and accumulate around plaques in the hippocampus
To determine novel candidate regulators of neurogenesis in AD, we screened gene array studies of neurogenesis in the aging hippocampus (Diez del Corral and Storey, 2001; Rowe et al., 2007) . A comparison of these results revealed that the BMP family of proteins was disproportionately represented; specifically, BMP2, 6, and 7 were dysregulated in the aged hippocampus. To examine the expression levels of these BMPs in the brains of human AD patients, samples from the hippocampus were homogenized and processed for qRT-PCR and immunoblot analyses. First, to screen mRNA levels of these BMPs, qRT-PCR analysis was performed with primers specific for BMP2, BMP6, BMP7, and actin as a reference gene (Table 2 , Fig. 1A-C) . This analysis showed that of the three BMPs measured, only BMP6 mRNA levels ( Fig. 1 B) were significantly increased in the brains of patients with early and severe AD compared to nondemented controls. BMP2 and BMP7 levels were similar among all three groups ( Fig. 1 A, C) . Because of the significant, and trending toward a stagedependent, increase in BMP6 mRNA levels in patients with AD, we selected this protein for further analysis of expression levels by immunohistochemistry and immunoblot.
To characterize the patterns of upregulation of BMP6 expression in the brains of AD patients, immunohistochemical analysis was performed. For this purpose, sections from human brains were immunolabeled with monoclonal or polyclonal antibodies against BMP6 (Fig. 1 D-I ). To verify the specificity of these antibodies in human brain tissue, control experiments were performed without primary antibody or with the antibody preadsorbed with blocking peptide (supplemental Fig. 1A-D , available at www.jneurosci.org as supplemental material). Incubation of sections with no primary antibody (supplemental Fig. 1A , available at www.jneurosci.org as supplemental material), or with primary polyclonal antibody preincubated with blocking peptide (supplemental Fig. 1B , available at www.jneurosci.org as supplemental material), abolished the signal detected in hippocampal sections from the brain of an AD patient. Similar patterns of immunoreactivity were observed with both a polyclonal (supplemental Fig. 1C , available at www. jneurosci.org as supplemental material) and monoclonal (supplemental Fig. 1D , available at www.jneurosci.org as supplemental material) antibody against BMP6.
In human brain sections from the hippocampus, BMP6 expression was detected in the cytoplasm of cells in the DG, and increased immunoreactivity with the BMP6 monoclonal antibody was observed in sections from patients with early or severe AD compared to nondemented controls ( Fig. 1 D-F ) . In severe AD cases, distinct BMP6-immunoreactive cells were detected in both the SGZ and the GCL. Immunolabeling with a polyclonal antibody against BMP6 (Fig. 1G-I ) showed a similar pattern of immunoreactivity and increased levels of BMP6 in AD cases. Semiquantitative image analysis of BMP6 immunoreactivity with the monoclonal antibody showed significantly increased levels of BMP6 protein in the hippocampus of AD patients compared to nondemented controls (Fig. 1 J) . Moreover, increased levels of BMP6 corresponded with increased severity of disease in patients with early and severe AD (Fig. 1 J) . Immunoblot analysis confirmed that levels of BMP6 were significantly increased in the hippocampus of AD patients compared to controls ( Fig. 1 K, L) . BMP6 in human brain tissues was detected as a doublet with two bands present ranging from 15 to 23 kDa. We confirmed by additional control experiments that the lower band corresponded with the molecular weight of a prominent immunoreactive band detected in positive control 293T cells expressing a plasmid encoding for human BMP6 (data not shown). The weaker upper band identified on the Western blots of human brain samples might represent a glycosylated, or other posttranslationally modified, form of BMP6, as suggested by recent studies (Saremba et al., 2008; Arndt et al., 2010) . It is possible that a fraction of the increase in the lower BMP6-immunoreactive band could be due to a shift in the proportion of the protein that is glycosylated; however, the similarly elevated levels of BMP6 mRNA suggest that the increased protein levels are due primarily to upregulation of transcription. qRT-PCR, immunohistochemical, and immunoblot analyses of BMP levels in the hippocampus of AD patients. To screen for changes in BMP expression levels in AD brains, mRNA was extracted from the hippocampus of age-matched nondemented control (ND ctrl) and AD brains and prepared for qRT-PCR analysis. A-C, Levels of BMP2 (A), BMP6 (B), and BMP7 (C) mRNA were measured and corrected for ␤-actin levels as a control. Of the three BMPs studied, only levels of BMP6 mRNA (B) were significantly increased in the brains of AD patients compared to nondemented control cases. For immunohistochemical analysis, D-F depict representative immunolabeling with a mouse monoclonal antibody against BMP6 (Millipore), and G-I show representative immunolabeling with a rabbit polyclonal antibody against BMP6 (Abgent). All images are from the dentate gyrus, and sections were costained with DAPI (blue) to label cell nuclei. Scale bar, 40 m for all images. D-F, Immunohistochemical analysis with a monoclonal antibody against BMP6 (detected with Tyramide Red) showed that BMP6 immunoreactivity (arrows, E, F ) increased in the hippocampus of AD brains compared to nondemented controls. In severe AD cases, BMP6-immunoreactive cells (arrows, F ) were detected in both the subgranular zone and the granular cell layer. G-I, Immunohistochemical analysis with a polyclonal antibody against BMP6 (detected with Tyramide Red) showed a similar pattern of BMP6 immunoreactivity (arrows, H, I ). J, Semiquantitative analysis of levels of BMP6 immunoreactivity by immunohistochemistry with the Millipore antibody confirmed that BMP6 protein levels were increased in the hippocampus of AD brains compared to controls. K, Representative immunoblot analysis with the Millipore antibody showing increased expression of the mature form of BMP6 (15 kDa band) in homogenates from the hippocampus of AD patients compared to nondemented controls. L, Semiquantitative analysis of levels of BMP6 as measured by immunoblot in hippocampal brain homogenates confirmed increased BMP6 immunoreactivity in the hippocampus of AD patients compared to controls (n ϭ 5 nondemented control cases, n ϭ 7 early AD, and n ϭ 7 severe AD cases analyzed, *p Ͻ 0.05 and **p Ͻ 0.01 compared to nondemented controls by one-way ANOVA with post hoc Dunnett's test).
To determine whether increased BMP6 levels in AD might be related to any pathological features of the disease, we assessed the localization of BMP6 immunoreactivity in relation to A␤-containing plaques in hippocampal sections from the brains of AD patients ( Fig. 2A-F) . Interestingly, double-immunohistochemical analysis with a monoclonal antibody against BMP6 and an antibody against A␤ (6E10) showed a striking halo-like pattern of BMP6 immunoreactivity surrounding both some diffuse ( Fig. 2A-C ) and most mature (Fig.  2D-F) plaques located in the molecular and pyramidal layers of the hippocampus. Interestingly, analysis of the frequency of these BMP6 "halos" showed that a majority of mature plaques (ϳ72.5%) were surrounded by a ring-like pattern of BMP6 immunoreactivity, while only a small fraction of diffuse plaques (ϳ8.5%) displayed associated BMP6 immunoreactivity.
To assess whether the alterations in BMP6 expression levels were specific to the human hippocampus, or whether this effect could be detected in other nonneurogenic regions of the brain such as the cortex, immunohistochemical analysis was performed with samples from the cortex (layer V) of patients with AD and nondemented controls. Similar to the upregulation of BMP6 expression detected in the hippocampus, immunolabeling studies with the monoclonal antibody against BMP6 showed increased BMP6 immunoreactivity in the cortex of AD patients compared to controls (supplemental Fig. 2 A-C, available at www.jneurosci. org as supplemental material). Together, these results suggest that BMP6 levels may be increased across multiple brain regions in patients with AD.
Increased hippocampal BMP6 expression is accompanied by reduced markers of neurogenesis in AD
Given that BMPs have been shown to play an important role in embryonic neurogenesis (Mehler et al., 1997) , it is possible that the increased hippocampal expression levels of the secreted protein BMP6 might directly target NPCs in this region. To determine whether increased BMP6 expression levels in AD brains might be accompanied by alterations in markers of neurogenesis, sections from the hippocampus of AD patients and nondemented controls were analyzed by immunohistochemistry with antibodies against the neuroblast marker DCX and the early NPC marker SOX2 (Fig. 3) . Image analysis showed that the numbers of DCX-positive cells (Fig. 3A-C) and levels of SOX2 immunoreactivity (Fig. 3D-F) were significantly reduced in the DG of AD hippocampus compared to nondemented control cases. In support of a role for increased BMP6 expression in defective neurogenesis in AD, double-immunohistochemical analysis of sections from the hippocampus of an AD patient showed that BMP6 immunoreactivity was detected in close proximity to, and within, some neurogenic DCX-positive cells in the SGZ (supplemental Fig. 3A -C, available at www.jneurosci.org as supplemental material). Together, these results suggest that the impaired neurogenesis observed in the hippocampus of AD patients may be related to elevated levels of BMP6.
Increased BMP6 expression in the dentate gyrus of APP tg mice is accompanied by reduced hippocampal neurogenesis
To begin to understand the mechanisms involved in ADassociated elevation of BMP6 expression, protein and mRNA levels were measured in the brains of mice that express high levels of the human form of the A␤ precursor, APP. Similar to the results obtained in the brains of AD patients, qRT-PCR analysis showed that BMP6 mRNA levels were significantly increased in the brains of APP tg mice compared to non-tg controls, but levels of BMP2 and BMP7 were unchanged (Fig. 4 A) . To assess protein levels of BMP6, immunohistochemical analysis was then performed with monoclonal or polyclonal antibodies against BMP6 (Fig. 4 B-E) . To verify the specificity of these antibodies in mouse brain tissue, control experiments were performed without primary antibody or with the antibody preadsorbed with blocking peptide (supplemental Fig. 1 E-H , available at www.jneurosci.org as supplemental material). Incubation of brain sections with no primary antibody (supplemental Fig. 1 E, available at www. jneurosci.org as supplemental material) or with primary anti- body preincubated with blocking peptide (supplemental Fig. 1 F, available at www.jneurosci.org as supplemental material) abolished the signal detected in sections from the brain of APP tg mice. Similar patterns of immunoreactivity were observed with both a polyclonal (supplemental Fig. 1G , available at www. jneurosci.org as supplemental material) and monoclonal (supplemental Fig. 1 H, available at www.jneurosci.org as supplemental material) antibody against BMP6.
Immunohistochemical analysis with the monoclonal antibody against BMP6 demonstrated increased protein levels of BMP6 in the cytoplasm of DG granular cells in the hippocampus of APP tg mice compared to non-tg controls (Fig. 4 B, C) . In APP tg mice, BMP6 immunoreactivity was detected throughout the SGZ and the GCL. Additional analysis with a polyclonal antibody against BMP6 showed a similar pattern of immunoreactivity and increased expression in APP tg mice (Fig. 4 D, E) . Semiquantitative image analysis of sections immunolabeled with the monoclonal antibody demonstrated a significant increase in BMP6 immunoreactivity in APP tg mouse hippocampus compared to non-tg controls (Fig. 4G) . Immunoblot analysis confirmed that BMP6 protein levels were increased in APP tg brains compared to controls (Fig. 4 F, G) . In contrast to the human brain samples, in the mouse brain homogenates only a single immunoreactive band was detected around 15-20 kDa corresponding to the mature form of BMP6.
To determine whether BMP6 accumulated surrounding plaques in the hippocampus of APP tg mice similar to the distribution observed in AD patients, we characterized the patterns of BMP6 immunoreactivity in relation to A␤-containing plaques in the hippocampus of APP tg mice (Fig. 2G-L) . Similar to the expression patterns observed in the hippocampus of AD patients, double-immunohistochemical analysis of brain sections from APP tg mice with a monoclonal antibody against BMP6 and an antibody against A␤ (6E10) showed a ring-like pattern of BMP6 immunoreactivity surrounding both diffuse (Fig. 2G-I ) and mature ( Fig.  2 J-L) plaques located in the molecular and pyramidal layers of the hippocampus.
To assess whether the alterations in BMP6 expression levels were specific to the mouse hippocampus, or whether changes in BMP6 expression could be detected in other non-neurogenic regions of the brain such as the cortex, immunofluorescent images were obtained from the cortex (layer V) of non-tg and APP tg mouse brain sections immunolabeled with an antibody against BMP6 (supplemental Fig. 2 D-F , available at www. jneurosci.org as supplemental material). Similar to the upregulation of BMP6 expression observed in the hippocampus, immunolabeling studies with the monoclonal antibody against BMP6 showed increased BMP6 immunoreactivity in the cortex of APP tg mice compared to non-tg controls (supplemental Fig. 2 D-F , available at www.jneurosci.org as supplemental material).
To determine whether markers of neurogenesis were reduced in the hippocampus of APP tg mice as in the AD patients, immunohistochemical analysis was performed with antibodies against BrdU, DCX, and SOX2 (Fig. 5) . In animals treated with BrdU, numbers of BrdU-positive cells were significantly reduced in the DG of APP tg mice compared to non-tg controls (Fig.  5 A, B,G) . Similarly, the numbers of DCX-positive cells (Fig.  5C , D, G) and SOX2 immunoreactivity (Fig. 5E-G) were reduced in the DG of APP tg mice compared to non-tg controls. In support of a role for increased BMP6 expression in defective neurogenesis in APP tg mice, double-immunohistochemical analysis of brain sections from APP tg mice showed that BMP6 immunoreactivity was detected in close proximity to, and within, some neurogenic DCX-positive cells in the SGZ (supplemental Fig.  3D -F, available at www.jneurosci.org as supplemental material). Together, these results in APP tg mice suggest that abnormal elevation of BMP6 expression in the pathogenesis of AD may play a role in defective adult hippocampal neurogenesis.
A␤ exposure results in increased BMP6 expression in NPCs in vitro
To further investigate the molecular mechanisms that mediate increased BMP6 expression in AD hippocampus and in APP tg mouse brains, we sought to determine whether BMP6 expression might be augmented as a direct result of exposure to A␤ protein.
For this purpose, cultured adult rat hippocampal NPCs were treated with recombinant A␤ 1-42 for 24 h, and BMP6 mRNA and protein levels were measured by qRT-PCR and immunoblot, respectively. These studies showed that treatment with A␤ 1-42 resulted in a significant ϳ25% increase in BMP6 mRNA levels compared to vehicle-treated controls (Fig. 6 A) and a concomitant increase in protein levels (Fig. 6 B) , suggesting that A␤ may directly modulate BMP6 expression. In the cell lysates of NPCs exposed to exogenous recombinant A␤, multimeric forms (dimer, Figure 3 . Markers of neurogenesis are reduced in the brains of AD patients. Sections from the hippocampus of age-matched nondemented control (ND ctrl) patients and severe AD cases were immunolabeled with antibodies against DCX detected with a FITC-tagged secondary antibody, or SOX2 detected with Tyramide Red, and imaged by confocal microscopy. All images are from the dentate gyrus, and sections were costained with DAPI (blue) to label cell nuclei. Scale bar, 30 m for all images. A, B, Representative immunolabeling of sections from control and AD hippocampus show fewer DCX-positive cells (arrows) in the brains of patients with severe AD compared to nondemented control brains. C, Reduced numbers of DCX-positive cells were detected in the dentate gyrus of AD brains compared to controls. D-F, Reduced SOX2 immunoreactivity (arrows, D, E) in the brains of patients with severe AD compared to nondemented control brains (n ϭ 5 nondemented control cases, n ϭ 7 early AD, and n ϭ 7 severe AD cases analyzed, **p Ͻ 0.01 compared to nondemented controls by one-way ANOVA with post hoc Dunnett's test).
trimer) of A␤ were detected after 24 h exposure in addition to the A␤ monomer (Fig. 6B) , suggesting that aggregation of A␤ into small oligomers may play a role in the upregulation of BMP6 expression. These results support the possibility that increased levels of BMP6 may be regulated by the accumulation of A␤ protein in the brains of AD patients and in APP tg mice.
BMP6 reduces proliferation of NPCs in vitro
To further investigate the possibility that increased BMP6 levels in the hippocampus in vivo might have an effect on endogenous NPCs, we studied the effects of recombinant BMP6 on cell proliferation and viability in an in vitro cell culture model of adult neurogenesis. For this purpose, cultured adult rat hippocampal NPCs were exposed to 50 or 100 ng/ml recombinant BMP6 for 4 d under neuronal differentiation conditions. Live cell imaging demonstrated that treatment with BMP6 at both concentrations Figure 4 . qRT-PCR, immunohistochemical, and immunoblot analyses of BMP levels in the brains of APP tg mice. To screen for changes in BMP expression levels in APP tg mice, mRNA was extracted from the brains of 6-month old non-tg and APP tg mice and prepared for qRT-PCR analysis. A, Levels of BMP2, BMP6, and BMP7 mRNA were measured and corrected for ␤-actin levels as a control. Of the three BMPs studied, only levels of BMP6 mRNA were significantly increased in the brains of APP tg mice compared to non-tg controls. For immunohistochemical analysis, B and C show representative immunolabeling with a mouse monoclonal antibody against BMP6 (Millipore), and D and E show representative immunolabeling with a rabbit polyclonal antibody against BMP6 (Abgent). All images are from the dentate gyrus, and sections were costained with DAPI (blue) to label cell nuclei. Scale bar, 30 m for all images. B, C, Immunohistochemical analysis with a monoclonal antibody against BMP6 showing increased BMP6 immunoreactivity (arrows) in the hippocampus of APP tg mice (C) compared to non-tg controls (B). In APP tg mice, BMP6 immunoreactivity (arrows, C) was detected throughout the subgranular zone and the granular cell layer. D, E, Immunohistochemical analysis with a polyclonal antibody against BMP6 showing similar patterns of immunoreactivity. F, Immunoblot analysis showing increased BMP6 protein levels in the brains of APP tg mice compared to non-tg controls. G, Semiquantitative analysis of levels of BMP6 immunoreactivity by immunohistochemistry (IHC) or immunoblot (IB) with the Millipore antibody confirmed that BMP6 protein levels were increased in the hippocampus of APP tg mice compared to non-tg controls (n ϭ 4 animals per group, *p Ͻ 0.05 compared to non-tg controls by unpaired, two-tailed Student's t test). Figure 5 . Markers of neurogenesis are reduced in the brains of APP tg mice. Sections from the brains of 6-month old non-tg control and APP tg mice treated with BrdU were immunolabeled with antibodies against BrdU or DCX detected with FITC-tagged secondary antibodies, or SOX2 detected with Tyramide Red and imaged by confocal microscopy. All images are from the hippocampal dentate gyrus. Scale bar, 30 m for all images. A, B, Fewer BrdU-positive cells (arrows) were detected in the brains of APP tg mice compared to non-tg controls. C, D, Fewer DCX-positive cells (arrows) were detected in the brains of APP tg mice compared to non-tg controls. DCX-positive cells and processes were observed throughout the granular cell layer in non-tg control brains (C), but in APP tg mice DCX-positive cells and processes were less prominent, and were primarily observed only in the subgranular zone (D, arrow). E, F, Reduced SOX2 immunoreactivity in the dentate gyrus of APP tg mice compared to non-tg controls. SOX2 immunoreactivity was observed throughout the granular cell layer in the hippocampus of non-tg mice but to a lesser extent in APP tg mice (arrows). G, Semiquantitative analysis showing relative reductions in the numbers of BrdU-positive and DCX-positive cells, and decreased SOX2 immunoreactivity in the hippocampus of APP tg mice compared to non-tg controls (n ϭ 4 animals per group, *p Ͻ 0.05 compared to non-tg controls by unpaired, two-tailed Student's t test).
resulted in cultures with no noticeable morphological differences compared to controls (Fig. 7A-C) . Treatment with BMP6 resulted in a significant and dose-dependent reduction in cell proliferation as measured by BrdU uptake (Fig. 7D) , and a decrease in overall mitochondrial activity as measured by MTT assay only with the higher dose of BMP6 (100 ng/ml) (Fig. 7E ). This suggests that the BMP6 treatment might decrease cell numbers by reducing proliferation or because of a toxic effect. To test the latter possibility, measurements of levels of LDH release were taken and showed no significant differences (Fig. 7F ) . Together, these results support the possibility that BMP6 directly interferes with neurogenesis by modulating NPC proliferation.
Discussion
The present study showed that levels of BMP6 were increased approximately twofold to fourfold in the hippocampus of patients with AD and in APP tg mice compared to controls; however, no significant differences were detected in the mRNA levels of two other BMPs, BMP2 and BMP7. A striking pattern of BMP6 distribution was also observed in plaquecontaining regions of the hippocampus in both AD patients and APP tg mice, where A␤-containing plaques were surrounded by a ring-like pattern of BMP6 immunoreactivity. Since BMP6 is a secreted protein, and its primary reported role in the brain is in regulating developmental neurogenesis, it is possible that abnormally elevated levels of this protein in AD might affect adult neurogenesis in the hippocampus.
It is important to note that neurogenesis persists in the aged brain; however, its rate declines with increasing age, as revealed by previous studies in rodents (Kuhn et al., 1996; Kempermann et al., 1998) , nonhuman primates (Gould et al., 1999) , and humans (Cameron and McKay, 1999) . Despite this natural decline with age, previous studies have shown that the adult brain remains responsive to therapeutic interventions that enhance neurogenesis (Jin et al., 2003; Wise, 2003) . Understanding the molecular mechanisms involved in AD-related alterations in neurogenesis might help guide the development of new therapies in this direction. Interestingly, paralleling the decline in both the pool of NPCs and their proliferative potential in AD, the levels of various neurotrophic factors, including BDNF (brainderived neurotrophic factor), SCF (stem cell factor), and neurosteroids, among others, are dysregulated in AD and FAD-linked models (Weill-Engerer et al., 2002; Laske et al., 2008 ) (for review, see Schindowski et al., 2008) . These studies suggest that the neurogenic niche is dramatically altered in the pathogenesis of AD, and other growth factors may be aberrantly expressed as well.
In support of the possibility that alterations in BMP6 expression in AD may dysregulate adult neurogenesis, we showed that markers of neurogenesis were altered in the hippocampus of AD patients and APP tg mice compared to controls. Furthermore, in an in vitro model of adult hippocampal neurogenesis, we showed that exposure to A␤ protein upregulated BMP6 expression levels, and treatment with recombinant BMP6 reduced NPC proliferation.
The members of the BMP family of growth factors belong to various subclasses distinguished by amino acid sequence similarity, and ϳ20 unique BMP ligands have been identified to date (Wordinger and Clark, 2007) . Although the primary function of many of the BMPs is in osteogenesis, the class 1 (BMP2/4) and A, mRNA levels of BMP2, BMP6, and BMP7 in A␤-treated NPCs (normalized to levels of the reference gene HPRT). Only BMP6 levels were significantly increased in cultures exposed to A␤ (*p Ͻ 0.05 compared to vehicle-treated controls by unpaired two-tailed Student's t test). B, Immunoblot analysis of BMP6 protein expression and A␤ accumulation. Increased levels of the BMP6 precursor protein were observed in A␤-treated cell cultures. Multiple A␤ species (M, monomer; D, dimer; T, trimer) were detected in the cell lysates of cultures treated with A␤. Actin was used as a loading control. class 2 (BMP5/6/7/8) families have been previously implicated in CNS development and disease. For example, BMPs are important regulators of embryonic neurogenesis (Mehler et al., 1997) and during embryonic brain development, the inhibition of these growth factors promotes neurogenesis (Nakashima and Taga, 2002) . The canonical role of BMPs in the developing brain is to promote glial differentiation via Smad signaling (Mehler et al., 1997) , and previous studies have shown that BMP2 induces astrocyte differentiation in mouse embryonic neuroepithelial cell cultures (Gross et al., 1996; Fukuda and Taga, 2005; Fukuda et al., 2007) . BMPs have been implicated in embryonic (Mehler et al., 1997) and adult (Colak et al., 2008) neurogenesis, and BMP activity has been shown to regulate synaptic plasticity in the adult hippocampus (Sun et al., 2007) ; however, the role of BMPs in neurodegenerative disorders is less clear.
In support of a role for BMPs in AD, two recent publications have shown that BMP4 levels are increased in the brains of an animal model of AD (Li et al., 2008b; Tang et al., 2009) . High levels of BMP4 were associated with reduced neurogenesis in the DG of mice expressing mutant forms of APP and presenilin-1 (PS1) (Li et al., 2008b; Tang et al., 2009 ). Increased BMP4 expression was accompanied by reduced expression of the BMP inhibitor Noggin (Tang et al., 2009) ; however, the precise mechanisms through which BMP4 levels are increased during the pathogenesis of AD remain unclear.
In contrast to the defective neurogenesis observed in association with elevated levels of BMPs in AD (Li et al., 2008b; Tang et al., 2009 ; present study), another related protein, BMP7 (osteogenic protein-1), has been proposed to have neuroregenerative capacity in acute CNS injury. BMP7 has been shown to be neuroprotective against nigrostriatal toxicity in a 6-hydroxydopamine rat model of Parkinson's disease (Harvey et al., 2004) and is under investigation as a potential therapy in acute CNS injuries such as stroke (Kawabata et al., 1998; Ren et al., 2000; Chou et al., 2006) . Interestingly, both BMP7 and its receptors are upregulated after acute CNS injury or stroke (Lewén et al., 1997; Charytoniuk et al., 2000; Chang et al., 2003; Harvey et al., 2005) , suggesting that the increased expression of BMP7 after injury might represent a protective response. Another recent study showed that BMP6, but not BMP7, is protective against apoptosis triggered by acute potassium withdrawal in cerebellar granule neurons (Barneda-Zahonero et al., 2009) . Together, these results suggest that it is possible that acute upregulation of BMP expression may be a compensatory response that is protective in the short term, while chronic upregulation of BMPs in the AD mouse models may result in defective neurogenesis possibly via modification of expression or function of receptors and downstream signaling pathways. Moreover, it may be important to exercise caution in long-term therapeutic studies using BMPs in acute CNS injury, as it is possible that elevated levels of these factors may have negative side effects on adult neurogenesis.
Since our results show that BMP6 is specifically increased in a mouse model overexpressing APP, it is possible that APP or APP products such as A␤ might play a role in producing the abnormal levels of BMP6. The precise transcriptional regulators involved remain to be determined; however, the present data show that treatment with exogenous A␤ upregulates expression of BMP6, and it is possible that A␤ may stimulate signaling pathways that activate transcription of BMP6. In the in vitro A␤ preparations, multiple species including monomers, dimers, and trimers were detected after 24 h of exposure. This is consistent with the predominant A␤ species detected in human AD and APP tg mouse brains, where most recent studies suggest that relatively small oligomers are responsible for the synaptotoxic effects of A␤ (Lacor et al., 2004) . In this context, it is possible that these smaller oligomeric species may also be responsible for alterations in neurogenesis; however, future studies will be necessary to elucidate the precise species that modulate BMP6 expression and neurogenesis. Previous studies have shown that BMP6 production is transcriptionally regulated by hormones such as estrogen (Zhang et al., 2005) and glucocorticoids (Liu et al., 2004) . Although increased glucocorticoid production has been identified as an early feature in AD pathogenesis that specifically targets the hippocampus (Dhikav and Anand, 2007) , it is unknown whether A␤ or its oligomeric aggregates might interact with glucocorticoid receptors, and future studies will be necessary to elucidate the precise transcription factors involved in A␤-mediated regulation of BMP6 expression.
In addition to uncovering a potential link between elevated levels of BMP6 and reduced neurogenesis in AD brains and APP tg mice, the present study suggests that the increased levels of BMP6 observed in the hippocampus of AD patients and APP tg mice might directly impair the proliferation of hippocampal NPCs. In this context, we showed that treatment with recombinant BMP6 in an in vitro model of adult neurogenesis reduced proliferation without an overt toxic effect; however, understanding the precise downstream pathways that impair NPC proliferation will require further investigation. We propose that normalization of BMP expression in models of AD may present a novel therapeutic approach for protecting against the neurogenic alterations in AD.
Together, the data presented here suggest that increased levels of BMP6 in AD might directly interfere with the process of adult neurogenesis in the hippocampus. We also demonstrated that BMP6 protein levels were increased in the non-neurogenic cortex, suggesting that the observed changes in BMP6 expression may occur in multiple brain regions. This could be specific to regions that are more severely affected by AD-related pathological alterations, or it could be a global effect. For the present study, we focused on the effects of increased BMP6 expression on neurogenic cells because of the known role of BMP6 in embryonic neurogenesis; however, future studies will be necessary to elucidate the impact of increased BMP6 expression on mature neuronal circuitries in non-neurogenic brain regions.
In both neurogenic and non-neurogenic regions of the brain, APP products such as A␤ may be responsible for increased BMP production, possibly via receptor-mediated transcriptional regulation. Moreover, BMPs might have a neuroprotective effect during the acute phase of CNS injury, but in chronic neurodegenerative processes such as AD they may contribute to pathophysiology. Further investigation will be necessary to elucidate the precise mechanisms involved in regulating BMP expression in AD and the effects on NPCs in the adult hippocampus, and in future studies BMPs may be important targets for therapeutic intervention to rescue the neurogenic deficits associated with the pathogenesis of AD.
